The steam-augmented gas turbine (SALT) has attracted attention because of its increased fuel efficiency. It yields significant, cost-effective increments of output power, particularly when steam/water injection is increased to levels approaching 50% of air flow. Such high levels of steam/water consumption permit burner operation near stoichiometric combustion ratios with specific powers exceeding 580 hp-sec/lb anticipated.
Efficient, ecologically-benign, steam-augmentedgas turbines (SALT) have found land-based applications in power-producing utilities and in manufacturing plants that require process steam. However, there has been only limited interest [1, 2] in naval application of the SAGT concept. stoichiometric condition of engine operation). The source of energy for the injected steam and/or steamwater mixture is waste heat extracted from the effluent stack gas. At stoichiometry, a threefold increase in power output is achieved without any increment of air flow. At constant power, a threefold reduction in air requirements is realized. Consequently, the stack volume of intake and uptake ducts mentioned above is substantially reduced in a SALT engine.
While operation at the stoichiometric point is capable of yielding substantial increases in the output power, the enormous increase in working fluid raises the technical issue of overspeeding of the rotors and/or choking flow with its associated losses. This issue and other technical issues, specifically addressed herein, include operational philosophy, turbine flow and choking, off-design behavior, boiler and other heat exchanger elements, water purification, and system size and weight. Finally, this report will address application of SAGT propulsion power in a DDG-51 type ship with a combined rating of 100,000 hp. Figure 2 is a schematic diagram of one anticipated SAGT engine concept. Pump B circulates water to the intercooler (INCLR) in countercurrent flow. Much of the heat extracted from the compressed air generated in Cl is transferred to the boiler feedwater in the feedwater heater (FWH). Additional energy is extracted from the INCLR stream in the seawater heater (SWH), which warms the seawater prior to entry into the reverse osmosis desalinator (ROD). Warmed seawater, at 90 F, is pumped by A through the SWH to the ROD. Purified water emerging from the ROD is pumped by E to the feedwater (FW) tanks and the FWH. Pump F delivers the purified water at pressure to the heat-recovery steam generator (HRSC). The boiler employs a recirculating pump (G) which prevents boiler fouling. Pump D provides additional purified water to the HRSG as needed.
DESCRIPTION OF THE SAGT ENGINE
At low-power operation, the steam is highly superheated, but below the turbine inlet temperature (TIT). The peak efficiency point, the Cheng point [3] , occurs approximately where the steam becomes saturated. Increasing amounts of injected steam and/or steam-water mixture require more fuel to maintain the TIT. At injection rates greater than the Cheng-point rate, the overall thermal efficiency falls monotonically toward the stoichiometric-point value, which may be above comparable simple-cycle efficiencies. The most likely BRINE Figure 2 . Schematic of the engine-coolong and steam-generation flow circuits.
ship-power demand [6, 8] corresponds to an engine operation in the neighborhood of the Cheng point.
ENGINE SIZING FOR A PROPULSION SYSTEM
A choice of four, rather than two, engines in the destroyer application provides a redundancy that addresses the Navy need for survivability. It also makes for a more efficient energy consumption. The arbitrary choice of two engines, employed herein, simplifies design and construction, and provides a moderate reduction of initial costs.
The high specific power of steam (1000 hp-sec/lbm) yields, in the SAGT engine at the stoichiometric point, a specific power of about 590 hp-sec/lbm of working fluid in the compressor. The specific power of an LM2500 engine, the standard propulsion engine for destroyers in the fleet, is 187 hp-sec/lbm. The ratio of these numbers is approximately 3.1. Because of the approximately threefold greater specific power of SAGT engines and thus, a threefold reduction of air demand relative to simple-cycle engines, the size, and number of gas turbine units for a given power requirement may be reduced. Additionally, because boiler and water purification systems are not as expensive as gas turbines, there may be a modest cost savings.
One LM2500 engine delivers 25,000 hp, whereas a SALT engine operating at the stoichiometric point, delivers only 16,100 hp in the simple-cycle mode. (In the case of a four-engine SAGT system, an engine in the simple-cycle mode would supply 8,050 hp.) However, with injection of steam, the factor of 3.1 pushes the power output to 50,000 hp. Thus, only two SAGT engines operating at stoichiometric conditions yield 100,000 hp normally supplied by four LM2500 engines.
Air consumption may be estimated by proportioning the air flow and power ratios of off-the-shelf commercial engines. The proportion leads to an air flow of 94.3 lbm/sec for one engine, which, for a 100-degree F day, corresponds to 87.4 lbm/sec, or 175 lbm/sec for two engines. This air-consumption rate and power suggest that the air consumption of the SAGT compressor is similar to the air consumption of an LM1600 compressor.
The stoichiometric quantity of water needed for a gas turbine will vary with the particular cycle character, such as the bleed rates and the maximum allowable combustion temperature. For a TIT of 2200 degrees F, the percentage of water injected into the combustor will be about 47.5%. With provision for a 5% steam bleed for turbine cooling, the total water demand may exceed 52.5%. A 2% overboard bleed air rate (1.8 lbm/sec) for cooling is diverted from the turbines and dumped into the stack. Data for the mass flow rates at stoichiometric conditions, including fuel and steam, are listed in Table 1 . Note that SAGT turbine flow matches the turbine flow for an I.M2500 engine. Water consumption at the Cheng point is about 40% of the consumption rate at the stoichiometric point (coolant steam is included in this number). It is expected that water-production rates corresponding to full-throttle or near full-throttle power would be required only a small percentage of overall operating time. In fact, the time needed for speeds exceeding 27 knots is only 6% of the total time [8] (but 15% of the total fuel consumption). For an hypothetical DDG underway at cruise speeds or less, it would not be possible to store (in the fuel tanks) all the water produced by a water plant sized for stoichiometric consumption.
Full-throttle and near full-throttle DDG operation from 27 through 32 knots is expected [8] only 60 hours per year. At speeds near 21.4 knots a DDG ship requires a single engine operating approximately at the Cheng point, and at 27 knots, a ship requires two engines operating at the Cheng point. A prudent compromise would appear to be a water plant capable of water production at the Cheng rate of consumption, with some production excess to provide an adequate storage reserve for fullthrottle operation for a period of one hour.
Excess purified water may be stored in rubber bladders within the fuel tanks, where seawater ballast would normally be present. Upon departure from a base at the beginning of a mission, no water ballast is present in the fuel tanks. If polished water (total dissolved solids less than 0.2 ppm) is stored in place of the normal complement of 60 tons of potable water, then the ship will be capable of 0.72 hour of full-throttle operation immediately upon departure from its base. It is anticipated that as the DDG approaches its missionzone of tactical encounter, the consumption of fuel will permit accumulation of 40 tons/day of polished water in the fuel tanks, thus extending full-throttle operational range.
If it is assumed that the water-storage bladders are depleted, a ship underway with two engines consuming water at the Cheng rate of water production can maintain a speed of 27 knots. While underway at 27 knots, the recovery time necessary to produce sufficient water for one hour of full-throttle speed is 14.5 hours. If only one engine is operating at the Cheng point (one engine idle) so that ship speed is 21.4 knots, the recovery time needed to accumulate sufficient water for one hour of full-throttle operation is only four hours.
STEAM-AUGMENTED GAS TURBINE PERFORMANCE
Additional flow of steam in the turbines stabilizes operation of the compressors at lower powers (low mass flows), where they are subject to stall. However, at high mass flows, where high power is demanded, choking and overspeed problems must be addressed.
For highest fuel efficiency, the SAGT gas turbine is designed so that the ship cruise condition is in the neighborhood of the Cheng point. SALT turbines attain peak permissible pressure ratios and TIT near the Cheng point, where compressor flow is maximum. Between the Cheng point and the stoichiometric point, it is anticipated that the compressor section will operate at a fixed speed compatible with the maximum air flow rate and TIT.
With increased steam injection above the Cheng point, the compressor turbine must accept, without choking, as much as 30% additional mass flow having 10% greater specific volume, with the potential to do about 45% more work.
Overspeed Control
A concept investigated for controlling compressor turbine power above the Cheng point is an internal bypass manifold which diverts, through a throttle, up to 32% of the mass flow from the combustor around the compressor turbine. The bypassed flow is recombined, at reduced pressure (with loss of head) matching the main flow upstream of the power turbine to maintain a fixed compressor-turbine output speed and power. Most of the data presented here is based upon this internal bypass concept.
A two-pressure boiler system, common in commercial practice, avoids the injection of excess steam flow into the combustor. A two-pressure boiler concept has been proposed by Ediss [4] and others, who, however, did not consider the problems associated with stoichiometric operation. In the conceptual SAGT engine considered herein, excess steam is throttled at matching pressure, isenthalpicly directly to a low-pressure combustor upstream of the power turbine as in Figure 3 . The design-point mass flow in this combustor is about 25% water (this is not the Cheng point). Combustor TIT is maintained, even with maximum fuel flow at the stoichiometric point, by decreasing steam quality. Reheat of the working fluid prior to entry into the free power turbine increases efficiency.
The two-pressure SAGT concept of Figure 3 permits the flow regimes to be controlled in a manner which maintains the system close to design conditions and high efficiency. Figure 4 shows that at the Cheng point, steam is diverted from the high-pressure combustor to the low-pressure combustor. However, the turbine mass flow (see the solid curve) is nearly constant, except for small additions of fuel, because water is injected into the high-pressure combustor in amounts precisely equal to the diverted steam. Thus, the gas generator is on design, with respect to mass flow, from the Cheng More importantly, the two-pressure boiler eliminates a hot-end bypass valve, cooled manifolding for bypassed flow, and cooled blades in the first stage of the power turbine. With the two-pressure boiler, it may be possible to combine components from the existing stable of gas-turbine components to achieve the desired machine.
Water injection into the combustors will be effected in a manner that vaporizes all droplets to avoid blade damage. Washing of the engine over a regular schedule of hours (of operation with water injection) will be performed to avoid solids buildup.
SAGT Performance Predictions
The performance of the SAGT systems was computed using real-gas data with a point-design (without maps) inhouse program and a proprietary map-matching program. Each program served to measure the consistency of the other with respect to first and second-law thermodynamic checks. Most of the data were based upon the internal bypass concept. Data on efficiency are expected to be higher with the reheat SALT concept.
The prediction of performance was aimed at the previously discussed 50,000-horsepower steam-augmented gas turbine for a DDG 51 destroyer with two power plants, rather than the customary four. The performance prediction program (a revised version of software from Reference [1] ) was written to accept a wide range of variables and could be extended to almost any reasonable range for a SALT design. Some design parameters and inputs are listed in Table 2 . The upper and lower sets of data correspond to the Cheng point and the stoichiometric point operation. The data are corrected for losses from the operation of the water plant.
Location of the Cheng point varies, depending primarily on design conditions, component efficiencies, water-air ratios, and general limitations. The chosen design point allocates fuel between the combustors in a manner optimizing performance. Table 2 . Computer output data for an engine with a bypass.
twice the specific heat of air, the mass flow is only about half that required for comparable air cooling. In computer calculations, a steam-cooling bleed flow and a compressor air bleed flow of 0.035 and 0.02 pounds per pound of inlet air per second, respectively, are used. Half of the air bleed was considered lost as overboard bleed while the remaining bleed air and all the steam bleed were recombined with the main flow, for calculational purposes, between the compressor turbine and the power turbine. Figure 5 presents the performance of the steam injected gas turbine over its power range (based on data typical of Table 2 ). Overall thermal efficiency is plotted versus specific power, where specific power represents how much output horsepower can be obtained per pound of inlet air per unit time. For reference, the aforementioned specific power of the present marinized LM2500, 187 hp-sec/lbm, with a thermal efficiency of 36 percent, is shown as a single point in Figure 5 . The SAGT turbine has specific powers of 350 and 588 hpsec/lbm of inlet air and thermal efficiencies of 42.8 and 35.2 percent at the Cheng and stoichiometric points, respectively.
AUXILIARY SYSTEMS Heat Exchangers
To maximize the thermal efficiency of the overall plant (see the flow schematic of Figure 2) , energy rejected to the intercooler is utilized by the SWH, which heats seawater for the ROD, and by the feedwater heater which serves the heat-recovery steam generator. Any residual energy not utilized in the ROD is dumped overboard with seawater discharge. During operation of the SAGT engine at stoichiometric conditions or at lowambient temperature, seawater heating can be augmented by diverting warm brine from the ROD through the SWH.
In sizing the heat exchangers of Figure 2 , it is important to maintain an ROD seawater inlet temperature of 90° F, while maximizing the heating of HRSG feedwater. The design points for the intercooler, FWH and HRSG are governed only by stoichiometric operation at 100° F ambient temperature. However, the design point of the SWH is governed by three different operating conditions, since adequate design requires evaluations at (1) high-ambient temperature under loss of water (ROD shutdown), (2) low-ambient temperature with water production, and (3) high-ambient temperature with Chengpoint operation, where relatively high heat loads, combined with ROD inlet temperature constraints, demand much higher seawater flows than those encountered at any other operating conditions.
The intercooler was modeled as a plate/fin type exchanger, and the SWH and the FWH were of the plate/frame type. All units employed a counterflow arrangement. Modeling of either plate/fin or plate/frame exchangers was effected with modification of input data in a code developed by Haseler [9] . This code provides for two types of computations: (1) determination of core length for a given heat load or (2) determination of exit temperatures for a given core geometry. Validation of this intercooler simulation procedure was made by modeling a known design, selected by the Allison Corporation for use in the ICR engine study [10] .
The HRSG was assumed to be a water-tube boiler with a forced-recirculation loop to maintain acceptable water quality within the evaporator. A schematic of this arrangement is given in Figure 6 . It was necessary to incorporate a desuperheater into the design because of the extremely broad range of steam flows demanded by the plant; e.g. , between the Cheng point and stoichiometric point, the water flow increases by a factor of about 2.5.
Although steam is highly superheated at the Cheng point, the degree of superheat drops off rapidly as steam flow increases. Since water demand is large near the stoichiometric point, the quality of the steam that can be produced by the available heat must drop well below unity (about 70%). The HRSG design code developed for this cycle incorporates basic features of the original boiler-design codes described in a report by Muench et.al. [11] . The weights and volumes of the various heat exchangers are given [6] in Table 3 .
Stack Systems
The dimensional values of the baseline LM2500 Figure 6 . Schematic of the HGRS with a recirculating boiler.
system were measured from the DDG51 drawings. Areas and volumes, which were computed from average linear dimensions on the drawings, were assumed to be approximately rectangular. Weight data for the I142500 baseline system were obtained from the Ship Work Breakdown Structure tables [12] . Values for the baseline system stack volume and weight are 26500 ft 3 and 176.6 t respectively.
The substantially lower air flow and the increased density of the stack effluent gases in the SAGT system permit the large reduction in stack system volume and system weight detailed in Table 4 . Analytic values for the SAGT system were based upon the computed areas and the stack heights of the baseline propulsion power plant. The weight of the SAGT stack system was obtained by assuming a linear proportionality between system weight and volume. An alternative propulsion plant considered in this analysis is the ICR gas turbine power plant. The flow areas of the intake and uptake stacks were based upon the throughput of 3.79 ICR engines since the power output of an ICR engine is 5.5% greater than the power output of an LM2500 engine. Also, the lower temperature in the effluent gas of the output increases the gas density and reduces the overall uptake stack size. The computed data for the volume and weight of the ICR plant are 23170 ft' and 135.7 t, respectively.
The Water Purification System
Manufacturers require extremely high purity steam/water for injection into their gas turbines. Less than 200 parts per billion of total dissolved solids is a typical requirement. If this steam quality is not obtained, washdown frequency must increase inordinately or else serious damage may occur to the gas turbine. The water treatment system must also be designed to minimize power. Water-treatment technologies have been evaluated, based on these characteristics, using a computer model developed at NSWC [6, 7] as well as computer models supplied by reverse-osmosis (RO) membrane manufacturers.
Several water treatment systems other than distillation systems [13] were originally considered for producing the high purity water for steam injection [6, 7] . Some of the RO-membrane technology considered were a thin film composite membrane manufactured by Filmtec Corporation, which comes in a spiral wound configuration, SW30HR-8040, and an aromatic polyamide or aramid membrane, B-10, manufactured by Dupont in a hollow fiber configuration. The final results for this analysis are given in Table 5 . 
THE APPLICATION OF SAGT ENGINES TO A DOG
System Fuel Consumption The evaluation of an engine begins with performance data, such as is presented in Figure 5 . Figure 7 shows the specific fuel consumptions as a function of percent of total power of three engine types, the baseline LM2500, the ICR, and the SAGT engine of Figure 2 .
It is assumed that each of the engine types of Figure 7 is, of the same output power. The solid curve corresponds to the LM2500, which requires more fuel for any output power. The calculated SALT data indicate that the SALT system (of Figures 1 and 2) is not quite as efficient as the ICR system under most power conditions. (It is expected that the SALT engine with the reheat combustor of Figure 3 will be more efficient than the ICR engine.)
The specific fuel consumption can be analyzed [6] , from the data in Figure 7 and the ships power profile [8] , to obtain a plot of specific fuel consumption versus ship speed in knots, as shown in Figure 8 . The analyses of the LM2500 and ICR propulsion plants are based on four engines, whereas the analysis of the SAGT propulsion plant is based on two, which is normally a disadvantage when considering fuel consumption. Table 6 presents the required fuel tonnage for the alternate systems based on the same power profile [8] . For this particular power profile, the fuel requirement for the SAGT power plants for one year is 8292 metric tons. The percentage fuel savings obtained by the twoengine SAGT plant, 21.5%, approaches the listed 23.1% savings of the four-engine ICR plant. It is expected that the fuel consumption of SAGT power plants employing the low-pressure reheat combustor will be less than that of the ICR power plant. Table 6 .
Comparison of fuel consumption for selected alternative DDG-51 propulsion plants.
Propulsion plant
Fuel ton/yr Saving % [14] data of the baseline LM2500 reference plant on the DDG-51 are detailed in Reference [6] . All components of the propulsion plant are assumed to have rectangular shapes in the computation of volumes. Reference [61 also contains a listing of analogous weights and volumes of the propulsion components for the ICR power plants [10] .
Since the power output of the ICR engines is larger (26500 hp) only 3.79 units were weighed into the final accounting of weights.
In the referenced data sources [6] , the baseline system data reflect the fact that only 46.4% of the total propulsion system weight in group 2 is included in the tally of components. Therefore, only 46.4% of the foundation weight in group 1 (the hull group) is listed in the baseline accounting. In the SAGT data of Table 7 , the foundation weight was proportionately increased as the SALT system weight increased. Also, in these data there is a separate accounting of propulsion weight supports (at a very conservative 30% of the primary weight) for such components as boilers and regenerators.
It is assumed that with a mass flow of 87 lbm/sec, the front end of the SAGT engine will be smaller than the front end of an LM1600. The hot-section compressor turbine will require a throughput mass flow of about 105 lbm/sec and thus, should be somewhat smaller than an LM2500 hot-section turbine. Finally, the free power turbine will handle a throughput of about 131 lbm/sec, which is close to design for the LM2500. Thus, the turbine weight of the SALT engine is assumed to be that of a Navy LM2500 engine in its box.
Boiler weights and sizes (see above section) were checked out against existing hardware to assure compatibility of the numbers with real world data. SALT weights for heat exchangers were wet weights, whereas the listed intercooler weights for the ICR are dry. The calculated weight of the reverse osmosis water plant was checked out, against an existing Navy ROD unit aboard the USS Fletcher [15] . The weight of the water plant of Table 7 is somewhat less than that given in Table 5 because of weight savings derived from the use of composite piping on the low-pressure seawater side of the system. Table 8 compares the volumes and weights of the three alternative propulsion plants under study here. The ICR plant is slightly more compact in size than the baseline LM2500 plant, whereas the SALT plant is about 30% more compact in size than the baseline. The ICR plant is heavier than the baseline plant. However, for a ship weight of 8000 tons, the difference between "light" and "full" load is about 400 to 500 tons. Therefore, an incremental weight of 68 tons will exhibit no negative ship impact unless that weight, by virtue of maldistribution, unduly elevates the ship center of gravity. The nine-ton increment in the SAGT plant is, in fact, beneficially distributed relative to the ship center of gravity because the structurally-elevated, large-moment weight in the stacks is considerably Ship Propulsion System Layouts Figure 9 illustrates the physical spaces of the aft engine room of a conventional 1142500 plant of a DDG-51 destroyer. The SALT propulsion plant is approximately laid out in spaces allotted for the existing system [14] . Selected scaled layouts [6] , shown in Figure 9 , consist of a plan view of the 2nd platform, and an overall side elevation of three decks.
The deck standoff distance from the reduction gear had to be markedly reduced from that in the existing layout, and any conflicts with this change must ultimately be reconciled. The module skids were arranged in a manner which would allow sharing of the element pull space that is allocated between adjacent skids. Every attempt was made to maintain a minimum peripheral clearance of at least 18 inches around all machinery, but in a few non-critical situations, clearance had to be reduced to 12-15 inches. As in the baseline layout, athwartship shifting of the uptake centerline begins above the 01 level, which is the point where the HRSG nozzle, shown in Figure 9b , terminates; i.e., the nozzle and turbine-exhaust centerlines are in the same longitudinal plane.
On the main deck [6] , the space freed up by removal of the intake and uptake was effectively utilized in locating the remaining components of the SAGT plant. The layouts signify that the allotted spaces permit the SAGT plant to be installed with little, if any, negative ship impact on important machinery suites.
Comparison of Affordability with Alternatives Table 9 lists the estimated costs for the SAGT and the baseline LM2500 propulsion plants for the 100,000-hp propulsion plants of a DDG-51 Class ship. Note that the number of engines for the baseline system is four whereas the number of SAGT engines is two. The number of engines probably provides a cost advantage to the SALT systems that was not investigated in this study. Also, note that development costs have not been estimated and therefore, not included in the overall final costs.
Based upon discussions of the air flow above, the size of each SAGT engine appears be smaller than that of an LM2500 engine. Thus, the cost of each SAGT plant is calculated to be about the same as that of the cost of an 1112500 plus an additional 10% cost [16] . Boiler costs include accounting for expensive alloys. The water system of the baseline plant is not the usual distillation plant of a DOG, but rather a reverse osmosis unit which permits the baseline system to benefit from advanced technology. The surprisingly high cost per unit weight of the LM2500 stack system, arising from silencing and suppression of IR signature, is peculiar to the Navy. The implication of Table 9 is that the first cost of SAGT systems is quite competitive with the first cost of the baseline LM2500 system propulsion plant. This cost comparison may also be valid for commercial systems according to Table 10 . Contrastingly, the ICR propulsion plant is not competitive on a first-cost basis with the baseline LM2500 plant.
The cost per unit power of new high-efficiency, gas-turbine systems is higher than simple-cycle systems because the initial cost of new hardware acquired to boost efficiency increases more rapidly than the increase in power output. In present commercial steamaugmented gas-turbine hardware, the amount of injected water is relatively small. Present commercial systems are subject to the above mentioned maximum water-flow rate which is about 16% of the air-flow rate. With unconstrained freedom to increase the percentage of water in contemplated SAGT systems, power output accelerates faster than cost. The cost data of the STIG unit in Table 10 , based upon data of Reference [17] , are valid for a water injection rate of about 11% of air flow. The estimated SAGT cost is based upon the data of Table 9 , and the fact that power output of a SAGT system is threefold greater than the power output of a simplecycle system. Assuming that the data and arguments listed above have validity, the SAGT engine, and in particular, the new SAGT engine with a low-pressure combustor, is unique in that it simultaneously yields efficiency, compactness and affordability in a single package.
